Animals integrate various environmental stimuli within the nervous system to generate proper behavioral responses. However, the underlying neural circuits and molecular mechanisms are largely unknown. The insulinlike signaling pathway is known to regulate dauer formation, fat metabolism, and longevity in Caenorhabditis elegans (C. elegans). Here, we show that this highly conserved signaling pathway also functions in the integrative response to an olfactory diacetyl and a gustatory Cu 2+ stimuli. Worms of wild-type N2 Bristol displayed a strong avoidance to the Cu 2+ barrier in the migration pathway to the attractive diacetyl. Mutants of daf-2 (insulin receptor), daf-18 (PTEN lipid phosphatase), pdk-1 (phosphoinositide-dependent kinase), akt-1/-2 (Akt/PKB kinase) and sgk-1 (serum-and glucocorticoidinducible kinase) show severe defects in the elusion from the Cu 2+ . Mutations in DAF-16, a forkhead-type transcriptional factor, suppress the integrative defects of daf-2 and akt-1/-2 mutants. We further report that neither cGMP nor TGFβ pathways, two other dauer formation regulators, likely plays a role in the integrative learning. These results suggest that the insulin-like signaling pathway constitutes an essential component for sensory integration and decision-making behavior plasticity.
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INTRODUCTION
Learning and memory is a fundamental process by which animals adapt to the changing environment, evaluate various sensory signals based on context and experience, and make decisions to generate adaptive behavior. Extensive crossmodal interaction during sensory processing has been found in invertebrates, vertebrates and primates (Calvert et al., 2001; Guo and Guo, 2005; Celikel and Sakmann, 2007) . The understanding of mechanisms on the level of molecules, neurons and neuronal circuits is the basis for recognition of learning and memory, or decision making.
Caenorhabditis elegans (C. elegans) is an ideal model to conduct genetic, cellular and molecular analyses of behavior. Its small body size, short life cycle, hermaphroditic reproduction, and accessibility to classical genetics all make it possible to efficiently analyze mutants exhibiting abnormal behaviors. C. elegans has a simple nervous system composed of 302 neurons in the adult hermaphrodite, the anatomical wirings of which have been mapped by electron microscopy (Ward et al., 1975; White et al., 1986) . The worms are able to process and integrate sensory inputs from different modalities and generate adaptive behaviors. The C. elegan shen-1 gene, which encodes a secretory protein with a low-density lipoprotein (LDL) receptor motif, has been reported as an essential component for sensory integration of odorant and taste stimuli (Ishihara et al., 2002) . It has demonstrated that sensory signaling and sensory plasticity in C. elegans are very similar to those in vertebrates. Most of the signaling pathways indentified through worm genetics are conserved in evolution. Therefore, the genetic analysis in C. elegans may provide important insights into the molecular mechanisms of the behaviors, such as sensory signaling integration, learning, memory, etc.
Involvement of insulin receptor and its downstreamtargeted molecules in neural and behavioral plasticity has been highlighted by various investigations in mammals. The insulin receptor is highly expressed in the hippocampus and cerebellum, and its inhibition in the central nervous system causes deficits in learning and memory (Zhao et al., 2004) . It has been reported that this highly conserved insulin-like signaling pathway is involved in food-temperature association behavior, which is modulated by the memory of previous culture temperatures (Kodama et al., 2006) . The Insulin/PI 3-Kinase pathway also regulates salt chemotaxis learning in C. elegans . These studies represent important progress toward understanding the molecular mechanisms of the insulin-like signaling pathway in learning and sensory processing. In spite of these studies, the role of this pathway in the integration of different signalings remains unclear.
In the present work, we assayed the integrative behavior of diacetyl and Cu 2+ in mutants of the insulin signaling pathway such as daf-2, daf-18, pdk-1, akt-1/-2, sgk-1 and several double mutants. Our results demonstrate that the insulin-like signaling pathway plays an important role in the behavioral integration of epigamic olfactory and nocuous gustatory signals in C. elegans.
RESULTS
Components of the insulin-like signaling pathway are required for sensory integration learning in C. elegans
Several learning paradigms in C. elegans, such as salt chemotaxis learning (Saeki et al., 2001; Tomioka et al., 2006) , olfactory adaptation (Colbert and Bargmann, 1995) , and temperature learning (Mohri et al., 2005) have been utilized to investigate associative learning and memory. The components of the insulin-like signaling pathway in C. elegans are highly conserved with those in mammals, the mammalian orthologs in C. elegans including DAF-2, a homolog of the insulin receptor; AGE-1, a PI 3-kinase homolog; DAF-18, a PTEN (phosphatase and tensin homolog deleted on chromosome 10) lipid phosphatase homolog; PDK-1, AKT-1/2 and SGK-1, homologs of phosphoinositide-dependent protein kinases; and DAF-16, a FOXO family transcription factor (Fig. 1B) . Early findings indicate that these insulin-like signaling pathway genes are essential for associative learning and memory in C. elegans (Kodama et al., 2006; Tomioka et al., 2006) . Here, for evaluating the possible function of this signaling pathway in the sensory integration, we used the interaction assay developed by Ishihara et al. (Ishihara et al., 2002) to assess the behavioral integration of two sensory signals. C. elegans normally shows chemotaxis toward odorants like diacetyl; however, chemotaxis toward diacetyl was suppressed in the presence of a Cu 2+ barrier ( Fig. 1A ) (Ishihara et al., 2002) . Insulin-like signaling mutants showed severe defects in crossing the Cu 2+ barrier when migrated towards diacetyl. As shown in Fig. 1C , at 100 mM Cu 2+ and 10 -2 diacetyl, daf-2, akt-1/-2 and sgk-1 loss-offunction worms migrated to the diacetyl side in much higher proportions. In contrast, daf-18, pdk-1(gf) and daf-16 mutant worms were reluctant to cross the Cu 2+ barrier. The daf-16 mutant strains were defective in the interaction assay to different extents (Fig. 1C ). daf-16(m27), bearing a point mutation, behaved the same way as wild type animals in the integration test. The other two alleles of daf-16 (mu86 and mgDf50), which are reported to be loss-of-function mutants, showed a weak tendency to cross the Cu 2+ barrier.
Furthermore, daf-16 mutants showed a dauer-formationdefective phenotype, in contrast to daf-2, pdk-1, akt-1/-2 and sgk-1 mutants. These results are consistent with the negative role of daf-16 and daf-18 in insulin signaling and support the conclusion that the insulin-like signaling pathway is involved in the sensory integration learning process in C. elegans.
Insulin-like signaling pathway mutants have normal sensation and locomotion
There are several possible causes for the defects in behavioral integration of two sensory signals, i.e., defects in sensation, in integration of sensory signals, in both sensory processes, and/or in locomotion. To distinguish between these possibilities, we first analyzed the ability of the worms to sense the two stimuli. Our data demonstrated that all the mutants tested had no defects in sensation of diacetyl. As shown in Fig. 2A , no differences were observed between wildtype N2 Bristol (as controls) and mutant worms (daf-2, daf-18, akt-1/-2 and sgk-1) for chemotaxis toward diacetyl. Avoidance of Cu 2+ in the absence of diacetyl was also analyzed. We did not observed statistically significant differences for obviation of Cu 2+ in any of the mutants except age-1(hx546) and akt-1 (mg144) when compared with controls ( Fig. 2B) . Second, we recorded and analyzed the body bends of the mutants daf-2, daf-18, akt-1/-2 and sgk-1 to exclude the possible influence of locomotion defects on the integration assay. As shown in Fig. 3A , all mutants showed no significant differences in body bends. This observation was further supported by the neuroactive drug assay. The daf-2, akt-1 and daf-16 mutants showed a similar response to the acetylcholinesterase inhibitor aldicarb as the wild type (Fig. 3B) . These results thus excluded the possibility that the defects in the integration of diacetyl and Cu 2+ signaling of insulin signaling mutants was caused by abnormalities in their sensation or locomotion.
daf-16 suppresses information integration defects of mutants of upstream components in the insulin-like pathway DAF-16 is a downstream target negatively regulated by the DAF-2 pathway, and daf-16 loss-of-function mutations suppress the dauer-constitutive formation and long-life phenotypes (Paradis and Ruvkun, 1998) . To determine whether the insulin-like signaling pathway plays its role in the integrative function as a whole, or just the components functions individually, we analyzed the double mutants daf-2;daf-16, akt-1;daf-16 and akt-2;daf-16 that were obtained by crossing the daf-16(mu86) mutant (which had been backcrossed 11 times) with the daf-2, akt-1, and akt-2 mutants respectively. As shown in Fig. 4 , the daf-16 mutant indeed suppressed insulin pathway mutants in the interaction assay. In addition, a daf-2;pdk-1(gf) double-mutant suppressed the daf-2 integrative defect, confirming that gain-of-function pdk-1 could also suppress daf-2 (Fig. 4) . Taken together, these results indicate that daf-16 acts downstream of the insulin-like signaling pathway to negatively regulate sensory integration in C. elegans and the signaling pathway functions in the sensory integration as a whole.
cGMP and TGFβ pathways show normal integration in diacetyl and Cu 2+ signaling in C. elegans
In addition to insulin-like signaling, the cyclic guanosine monophosphate (cGMP) and transforming growth factor beta (TGFβ) pathways are also implicated in regulating dauer formation in C. elegans. To address whether these two pathways are involved in the integration of the diacetyl and Cu 2+ signaling pathways, we quantified the proportions of daf-11, daf-7 and daf-3 mutants that crossed the Cu 2+ barrier and reached the diacetyl spots. daf-11, daf-7 and daf-3 encode a receptor guanylyl cyclase, a member of the TGFβ super family and a co-SMAD protein respectively. As shown in Fig. 5 , all of these mutants displayed normal interaction behavior, suggesting that cGMP and TGFβ signaling pathways are not required in the integration of diacetyl and Cu 2+ signaling in C. elegans.
DISCUSSION
To properly adapt to the environment, it is essential for animals to sense many environmental stimuli simultaneously. These sensory signals need to be integrated at some point in the nervous system, and decisions need to be made to generate proper behavioral responses. In C. elegans, the genes and neural circuits for sensory transduction have been studied extensively by behavioral and genetic analysis of responses to single stimuli (Bargmann et al., 1993; Bargmann and Kaplan, 1998) . However, as in other animal systems, sensory integration in the neural circuit remains largely unknown.
Several genes are known to be involved in sensory integration-based learning. Mutations in HEN-1, a secretory protein with an LDL motif, and CASY-1, the C. elegans ortholog of calsyntenins/alcadeins, lead to defects in the integration of two sensory signals (Ishihara et al., 2002; Ikeda et al., 2008) . Similar defects in the integration of olfactory diacetyl and gustatory Cu 2+ signaling were observed in our study of the insulin-daf-2 signaling pathway mutants. In addition, the insulin-signaling pathway also regulates salt chemotaxis learning (Ishihara et al., 2002; Matsuki et al., 2006; (Ishihara et al., 2002; Kodama et al., 2006 ). These observations suggest that different forms of learning and memory in C. elegans depend on overlapping molecular mechanisms and it is possible that insulin signaling constitutes an essential molecular pathway in many forms of learning.
To our knowledge, we are the first to report evidence that the insulin signaling pathway as a whole is also involved in sensory integration. As shown in Fig. 1C , all loss-of-function mutants of the positive regulators of the insulin pathway display higher proportions of (daf-2, akt-1/2 and sgk-1) crossing the Cu 2+ barrier, in contrast to the lower proportions in the daf-16 and daf-18 (negative regulators), and pdk-1 gain-of-function mutants. One exception was age-1(hx546) (Solomon et al., 2004) , which was reluctant to cross the barrier. This seemingly contradicts the positive role of age-1 in insulin signaling; however, as we validated further (Fig. 2B) , the age-1(hx546) mutant exhibits hypersensitivity to Cu 2+ , and thus its aversion behavior might simply be attributed to its abnormal sensitivity to Cu 2+ .
It is intriguing that the gain-of-function mutant akt-1(mg144), which has an Ala-183-Thr substitution (Paradis and Ruvkun, 1998) , showed a similar stronger tendency to cross the Cu 2+ barrier as its loss-of-function mutant equivalents. As shown in Fig. 2B , the akt-1(mg144) worms show a slight insensitivity to Cu 2+ ion, which may explain the stronger tendency of these worms to cross the Cu 2+ barrier. Besides, akt-1(mg144) has been shown to suppress the dauer formation impairment of the age-1 mutant but not its increased life span (Paradis and Ruvkun, 1998) . It has been suggested that akt-1(mg144) bypasses the need for AGE-1 signaling in reproductive development but does not activate normal aging pathways (n = 15, 23, 26, 18, 14, 19, 26, 17, 25, 21, 24 and 28 for mutants listed from left to right, respectively). (B) Resistance to aldicarb (1 mM; Chem Services) is normal in insulin-like signaling pathway mutants. Error bars indicate the SEM. (Paradis and Ruvkun, 1998) . It is thus possible that akt-1 (mg144) does not contribute to all the functions of the wild type AKT-1, especially in sensory integration. The exact mechanisms underlying the action of different akt mutations in different physiological processes remain to be explored.
MATERIALS AND METHODS

C. elegans strains
All strains were maintained by standard methods (Brenner, 1974) . The following strains were obtained from the C. elegans Genetic Center (CGC): N2 (wild-type Bristol, as control), daf-2(e1370)X, daf-2(e1368) X3, daf-2(m41)X3, age-1(hx546)X3, daf-18(e1375)X, daf-18(ok480) X0, pdk-1(mg142)X4, akt-1(ok525)X0, akt-1(mg306)X6, akt-1(sa573) X2, akt-1(mg144)X3, akt-2(ok393)X0, sgk-1(ok538)X0, daf-11(m47) X, daf-7(e1372)X, daf-3(e1376)X, daf-16(m27)X, daf-16(mu86)X11, daf-16(mgDF50)X3, daf-2(e1370);daf-16(mu86)X, daf-2(e1370);daf-16(mgDF47)X4 and daf-2(m41);pdk-1(mg142)X. Double mutants were obtained by crossing daf-16(mu86) with daf-18(ok480), akt-1 (ok525), akt-1(mg144) and akt-2(ok393), respectively.
Behavioral integration assay of sensory signals of diacetyl and Cu
2+
To assay the choice between chemotaxis toward diacetyl and the avoidance of Cu 2+ in the migration pathway, 20 μL100 mM CuSO 4 solution was spread as a line on the midline of the assay plate (1 mM MgSO 4 , 1 mM CaCl 2 , 5 mM KPO 4 (pH 6.0), and 2% agar). After 5 min, 2 μL diluted diacetyl (10 -2
) and 1 μL 100 mM NaN 3 were spotted on one side of the plate divided by the Cu 2+ barrier. 100-300 young adult worms washed with M9 medium were placed on the other side of the plate. The numbers of animals on the original side (A) and on the odorant side (B) were scored after 90 min (Ishihara et al., 2002) . The choice index was calculated as A / (A + B) × 100%. Sensation toward the attractive diacetyl (10 -2
) and aversive Cu 2+ (100 mM) was assayed in the same way without Cu 2+ line and diacetyl spot, respectively.
Body bend and aldicarb resistance assay
For the body bend assay, worms were tracked for 5 min at 20°C on NGM plates spread with a thin layer of freshly grown OP50 bacteria as described (Cronin et al., 2005) . The aldicarb resistance assay was conducted as described by Lackner et al. (Lackner et al., 1999) . Worms that failed to respond at all to a harsh somatosensory stimulus were classified as paralyzed. Experiments were repeated three times.
Data analysis
Data analysis was conducted using SigmaStat 3.11 (Systat Software, Inc) and IGOR Pro 5.01 (Wavemetrics, Portland, OR) . Results are presented as the mean values ± SEM., with number of experimental replications (n). Statistical significance was evaluated using the Student's T-test or Mann-Whitney's U-test depending on the normality of the data distribution. Asterisks denote the statistical significance in comparisons with the control: ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05.
